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i The Pb-¥_,0-S Pourbaix diagrax= was nvaxt‘ga»ed by ex3=-
| zning Dotengzés;a ticaily oxidized lead sasples nsing Raz=an and
infrared spectroscopy. In 0.1 X sulfate sclutions surface film
compositions were not in cooplete agreement with predictions

-

of the calculated potential -pd diagram=. The Pourbaix adi gz'a.:z\L
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t20. Abstract (cont.)

¢ié not predict the forration of PbO under any conditions; Fow-
ever, spectra indicated the presence of the oxide at certain
potentials in acidé and neutral solutions and at all potentials
above thLe irmunity region in basic soluticas. Speciroscopic
iéentificat:ion of inscluble surface speciz: was in zgreement with

potentiodynaric polarization cu:ves.‘t
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INTRODUCTION

Lasz2r Raran spectroscopy can unambiguocusly ldentify the
co=pounds present in aguests corrosion product fiims on ~etal
surfaces. It can be used to analyze insoluble surface layers
in situ without removing a metal sarple frc= “he corrosive
solution with which 1t is reacting (1-3). The ability to iden-
t1fy surface species without changing the environment makes this
technigue i1deal for experimental confirmation of thecoretical
Pourbaix diagrar;s, which identify the lowest energy species for
any given set of conditions.

In situ Raran Spec*roscopy, in corzbinaticn with the cocople-
mentary technicue, reflecticn-absorption infrared spectroscopy,
tas been used to study the Pourbaix diagrams for the Pb-H_ O and

2
Pb~§20-Cl systers (1,Z}. Potentiostatic exposures ¢f lead elec-
troces were cconducted in buffé;';ol"ticas and the resulting sur-
face f1lrs were analyzed spectroscepicaliv. The comoounds cox—
prisinc the surface corrosicn product f£ilizs were only in part:ial
agreerent with Poumr™a:ix diagras predictions. In the present re-—
search sizple, unbuffered soluiions were used for electrochexmacal

exposures to find if experimental results would be closer to

those

'

redicted by thermodvnarics :1f the solutions did not contain
the exira 2issolved species o0f the duffer systuss used previously.
The behavior of lead i1n sulfate soiutions has besn studied
extens:vely due *¢c the widesrread use of lead-acid storsge bat-
teries. TFor this reason, the prepornderance of experimental work
has invoived the raact:ions 0of lead with sulfuric acid and very

ii1ttle research on lead in neutral or basic sulfate scolcetions
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has been conducted. Pourbeix diagrams for lead :n agueous sul-
fate solutions have been calculated (4-6). Some efforts have
heen made to verify the theoretical predicticns experirentally,
aithough experimental sulfate 2xposures have been confined to
the acid and neutral regions of the diagram (4,7). The present
report describes infrared and Ra—an spectroscopic results from
systematic exposure of lead sarples in (.1 ¥ sulfate solutions

vader conditions covering a large part of the Pourbaix cdiacgrams.

Raman spectira were recorded with a Spex Industries Model
1401 éouble mcacchromator using a photon counting detection
systam=. A Ooherernt Radiation Laboratories Model CR-* arcgon
ion laser was used as the excitation source. Both the 482.0
and 3514.5 nm= wavelencth laser lines were used, a2né the power
at the sazple was appUoxisy cely 500 =¥,

Infrared reflection-absorrtion spectra were cbtained with
3 ¥ilks Scientific Corporation Model 9 nultiple specilar reflec-
tion attachment in toth the sarple and reference tears of Perkin-
Elmer Modsl 521 infrarad spectzophoto=eter equipped with a grat-
ing poiarizer. Details of the special electrochem=ical cel: ang
instrroentaticn used for controlled potential sac-ple exposures
are contained in a previous report (1}.

Lead foil (1.6 mm thick) supplied by 21fa Products. Inc.,
at creater than 99% purity was used for this investigatior. It
was cut into 2.8 x 5.7 c= rectangles to fi1t the sarple holler
of the electrochenical cell. This size was also reguired for

the infrared reflec ion attachment. Prior tc placinc a2 lead
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sarple 1n solution, it was immmersed in warm, concentrated armnius
acetate solution for 3 minutes to dissolve the surface laver,
leavinc a clean, silvery sample. fThe clean isad sarple was
washed with distilled water and irvediately placed in the ex-
posure solution.

The three solutions used were macde fro= reagent grade coo-

pounds. Thne acid s>lution wag 0.1 M H,50,. The neutral solu-
-~

tion rhosen was 0.1 M K2504 which has 2 g ¢f approxirately 5.5,
and for exposure ir basic solution, a solut:on of S.1 M 2-12504 andé
0.004 ¥ XOH, civing an appreoxinmate pH of 11, was used.

The electrochemical cell filled with soluticn was purced
with dry nitrogen for 30 minutes bhefore and thrcughout the con-
trcied potential exposures. The potential of che lszd working

eleczrode was hell constart relative tc the saturated calomel

cefery~ e electirade oy a Wenkinc Model IT73 potenticstit iny

caFive 2ericsd, an in situ Raman 3pectrima was recurded. e Fam—
Tle was tnen revoved ftexm the cell, wushes thirouchly with dzs-

tiiled water, and aiiowed to Agy in a:r. The dry samyle was re-

srned i the Raran siwrircxeter for sxzxeination andé *hen analyzed

cerosit 2 anis «uid subhstrates ~r cless picroscope slides. These

reacted oold mirrer substraia, me thickness of oxidized lead
€:1ms on such samples was rweasured »y a Tavlstep-l stylus type

prefile iastrament.
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RESULTS ARD DISCUSSIOCN

The Pourbaix diagram for the lead-water-sulface system was
calcoulated using the relationships used by Ruetschi and Angszadt
{$) but erploving more recznt values for the free cnergy of

ferration of some species {8}). The newer thermodynamic dats,

n

u=rmar:i:zed in Table ¥, caused only snall changes in the pcsi-
tions of the PbC-PbS3, eguilibria iinss. 2 sulfate 1on activity
b

of 0.1 was used for the caiculatians resultin

; in the Pourbaix

V4

diagram shown in Tigure 1.

th

Electrochemical exposures we&re carried ocut in sclutisprs »

the desired oH which were .1 rolar in suliszte. The sals

5

™~

Licn

"0

¢

T e

¥

used cave pHE values of approxirately 1, 6.3, ané 11 tc e=i'ow

observation of the reactions ¢f _ez2d over a wide porticn of the

o o g JT D 80 o

Pourbaix édiagram. Measurercat o sclution pH before arnd after
potentiostatic exposures showed that the pH rerail..ed fairly
constant, 1.e., it d.o not chance by cre than 8.5 afte: as icng
as twenty-four houss.

in order tc prowvide an experimental basis for choosing ex-

posure potentials, potenticdynaric polaiizarion curlves were re-

corded for 1ead in the three sclutiors selected for exposures.

tiostatic oxidation.
The polarization curves 2re shown in Ficure 2. They are
rather similar, each »as a strong wava &t aporoxamataiy -3.23 W

[ve. NHE} as its major feature. These wavas rark tre transiz:icon
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from reduct:ion to Oxidaticn, i.e., the upper limit of the irrunity
ra¢ion. In accerdance with the Peourbaix diacram, the potential

cf such & transit:ion decreases as P2 incr2ases. The oxidative
wave was cheserved at -0.23 V in % },-0.27V in pH 6.5, and

-39 Vv in o 11 sciutien. The positions of these waves are

[ £
o
[Ye]
I

neral asreement with ths Pb to ?2304 énd Pd to PBO-PBSO,

"
riy

transitions the Pourha:ix diagram.
Potentials used zfor lead expesures wers rHoSen 0 that as
ieast ong was iocated in each regivn of The theoretical Pourbair

diagras anc 11 all potential regions ¥hsrs the polsrizatics curves

indicatec the possible formation of dirfferent species. The

exposure conf:tions selectad and the resulZing spectra obtain=s
from ese potentioszaric oxifations are s r=marized in Table II.

# 1 Exposures: In the 2.1 & ¥ S50, soluticns used to attain ac'dic

- —— -

conéitions, lead is stahle at low potentials, dbur it is oxidized

to leacd suifate at higher porunt:iale (4,3,:0;. 2atter formation

of & surface suifate fiir chick enough 0 sinder reacticnc of
. lead winh soluticn species, lavers of PHhO or basic lead sulifate

éevelcp uncer the sull+te film at potentials of +0.32 V and higher
2,13}, Xlthough the formation ol underiying oxide laye:rs was
nat consicdered in tie calculation of the Pourbaiy diagran, the

veIy weak wave at ~0.34 UV _.. the nH# 1 polarization curve =ay

indicaze the corenceszent of formation of another compound beneath

Potrnt10s3tatic exposures of lead in 0.1 ¥ sulfuric aciéd formed

scrface f..r7s vhose ccrpesitions acreed well with X-ray diffraction

Pt

work bv Pavicv and icvdarcv {il). Ra=man and infrared spectro-




scopic resul:is incicate three ranges of potential: immunity,
leaé sulfate, and a lezf sulfate-lead moroxide recion.

At potentials below -~-0.2¢ ¥V, ead app2ared to be irTune
to oxidation. An inccluble surface layer was nor detected by
in situ Raman spectroscapy, sawples remained clean «né shiny,

and current fiow was in the reducing direction. Wwhen sasgies

exposed in this rsgicn were washed ané allowed to dry, = naon-

(1]

uniform, licht gray surface coating appeared. Infrarsd spacira
~-znt:fied the surface layer coxpositicn as lead sulfate and
orthohombic PbO. Raran spectra of dry sample surfaces confirmed
this finding but showed that tue sulfate and cxide wers not

found tocether but were occupying separate parts o the sa2rxple
surface. The arpearance of these corpocunds preobably rasultis

from precipitation of discsolved iezd compounds after rewoval of the
zoplied potential (2). 1In the gererally reducing conditions of
this region, it is unlikely chat any lead woulé be directly

+ -

oxidized at the electrocde surface during the potentiostatic ex-
posure. The formation of PbO and lead sulfate is probably a re-
sult of the sample remsoval, washing, and érying process.

At potentials higher than the -0.23 ¥ wave of the polariza-
ticn curve, net current flow was iun the coxidizing direction and
srectra showed that lzad sulfate was forrmed. Oxidation at -0.26 V

and -0.02 V resulted ia bSO, filmss.

o

Exposure at potentials higher than the wave at +0.34Vgave
surface filzms identified as tetragonal PbO and ?bsod, in agreerent
with the findings of earlier research (11,12'. A Raxzan spectnm

of the film in this potertial region is compared with one of a




purely Pb30, film andé with the spocirun of reagent grade Pbso4

4

rowder in Picure 3.

Although it was nct possibkle to measure the relative amounts
of PLO ang Pbs-o4 in the surface films frcom their spectra, just
as it is ispossibie to measvre f£ilm thickness, observation of
strong tetragonal PbO spectra gave ar indication of the thickhess
cf filxs analvzed by these tachnigues. Rustschi (9! developed
2z »cdel for the ?bo/Pbsoé two phase filn Formed by oxidation of
lead 1n sulfuric acid soluticns. He assum=d that a surface film
with a2 thickness on the corder of a nmicron was nesded before any
underliving tetragona: PO couid forz {(4}. Zlectrochemical measure-
=zents and calculations based on ion diffusivity in the films

Seterminzad that a 24 hour exposure of leag in 4.2 M H SG4 in the

2
rernge of +0.2 to +1.1 V would give a £ilxz consisting of cnc misTon
oI lead sulfate covering cne micron of tetragonal PoO. The arility
to recors sirong spectra of the underlying layer of PbC gives

indication thaz Baran and infrared spesctrosccgdy can exarsine the

entirety of films with thicknesses on the ordar of a m.cror.

A

i 6.

w
[7]]
(X}
»
o

T Exposure lead-wzter-suifate Pcurbaix diagram pre-

dicts that in a pH €.5, 8.1 ¥ sulfate soclution leaé should be

stable at potentials belocw -0.3V, Pbo2 should forno abkove +0.9 V,

end ¥bSO, shoulé be found at potentials in ween. TT.e lower

transition was observed in the palarizstion curve for lead in

the J.1 X K2504 solution used, pbut the transition to ?boz was

not observed. The polarization curwve shows 2 weak wave at +G.08 V

whichk d7es not corrsespcad te any fzature of the Pourbaix diagram.
#otentiostatic exposures resulied in films with cospositions

whicl were 1n betier agreexent wiih the poiarization curwve than

Gt a9 A

faawer




with the Pourbaix diagram. Exposure at potentials below the
~-0.27 ¥ wave resulted in ircrenity. Current fiow wse in the

reducing directiop, the svrfacs remained clear and shiny, and

8

10 3pectra ware ghbitained in “ution or in air. Higher poten-
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tiales resultad 1n oSxidation o
of insoluble surface fiims. Filme consistag of lead szulfaze
up o +0.24 V and, above thai, tetraconal PRC covered the sasple
surfaces.

“he formation cf lead suvifate was in agreemeat with the
Pourbaix d:iagram, bat the PBSO, gave slightly different smectra
shown in Figure 4,

from Lihie sulfates examined previcusly.

As
the sulfazte film gave arp excerntignalily strong 431 om Rzran
" .

-~

normal sulizte cocmpounds. 12 anusual intensity of the 451 c=
band is assumed to be due 0 a2 gistortics ~f the nermal leaé sui-
fate lactice.

The broxd wave st +0.86 V 1s near the poten” ial where £i'm
cormosition changed from le=d sulifate $o0 tetragonal POG, and it
may be det to such 2 transizicn. Lexd moroxide films were black
in color and gave 1 evidense of the presonce of suifate. The
transiticon from sulfate to P50 was not oonsiderad in caiculating
the Peourbaix diagram, since this reaction was rot anticipatsd.
Ko waves ware chserwved at hicher potentiais and spectra did
not indicate a change to the Pbo2 pradisted by the Pourdaix dia-

gran.
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p¥ 31 Exposures: oxidavion of fead at a pH of 11 was predictad

tc fern a basic iead sulfate, Pbo-?bso4, at potentials betweea
-6.43 V and +0.50 Vv and ?boz at nigher potentiilx. The sclvtion
used, 4.1 ¥ 2 O with encugh X0 added o rmake the initisl pH
i1, resultecd in 2 polarization curve with only one clear oxide-
tica feazure. The experizerntally cbserved wave, or group ©f
waves, gt aporoxirzately -0.30 V represents the transition froo
les€ stability to the forsation of an oxidized species. The

tative change seen above +0.80 V in Pigere 2 could represent
a transition tc a hicgher oxidation state, buz it is probably due
to the deco=position of water tc evolve oxycan.

Potentiostatic exposures were coaducted throughout the

potential range where w~ater is stable. 2s expected, exposrre
at low potentiels cgeve extrexmely low current flow in the readuac-
ing directicn, ané no Rasan bands were caserved. Lead is im=une
to oxidation belcw the ~0.30 YV vare i the polarizaztion curve.

All exposures at hicher poterntials resulz=d in the for=a-

situ spectra, &8 shS»n in Ficure 6, contained rthe s=trong bands

. . ~ ar -1 . s
ol tetragonrali PrS but alsc the %88 o= 7 Zand characteristic of

{
!
x
|
*
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the 304 syrmeiric stretching vibration and & bread band in the

N ) ; -1
450 o= r2gicn. Except for the browdress cf the 530 o ~ »and,
these spectra look like a mixture of PbO and bSO, . Upon wish-

ing the samples thorcughly, however, thosse banss characreristic

twe sharp bands in that regioan, at £33 and 431 o= ~:, are dus

“he sulfate of the soluticr. The bulk sulfate soluticn czave
thz saxe suliate speczrum. The chansz in th2 specirus caused by
washing the saspies was evidence that specirs of th wet znd
éry sx=ples zr= neecded to distinguish sciutien or adscrbed

species

n

re= those cocpounds whick were actuaily part of an
inscludble surface film.

The possibiiity that the ~irfece layer nmicht consist of
PbC-PoSO, as praedicted by ths Pourkaix d:agra=m calculaticnzs was

investigated. althc.:a spectra of the sarple surfacee i

xvaiianle for co—parison. Iinfrared reflection spectra confirmed
tha: tetragonal PbO was t7 . coopound present. Cosparison with

putiished infrared speccra ol PHO-PbSC, {14) :ind:icated that this

The Oxigdztion currents recgrded cdur:inc potentiostatic ex-
xsures and potentiodynamic polarizatior curve measuresents con-
firmad that lead sulfate forms more protective surface films than
3pes 2. In 0.1 M sulfate solutions, all of which hed approxi-

mately the zame conductivity and ionic s<rencth, conditions waich
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formaticn of ?PbY resuited in net currsnt flow 5-1C
ster thsn that cobserved whan PbSO4 wvas foroed. The
differences were rnotad in pH £.5 exposures, a pH near

of P20 soiudility (15j, put &ia2n in theose conditions

Thickness: Potenticstatic oxidzaticon of vapor deposited

iead =za=ples was conducted so thxt the thickness of the resul&-
ing films oould be measuved and their spectra recorded. WwWhile

rors have shosm that

!

fiizms of organic cozpounds on silver =i
zran spectra of f£iime as thin as 50 ® can be reccrded {18.17;

ans infrared specira of oxide layers as thin as 10 2 nave been

4]

reported (1§8), the =ini—u= cdetectable films thickness varies

rh

b

ilm=.

widely with the cozposition of a thin

A lead sulfate film, measured to be 2140 _ 60 & thick, was

o
o

o
bt
4]

2504 for fifteen min-
utes. The Rasan spectriu= in Figure 7 shows that the stroag sul-
fa2te bands are clearly visible. The infrared spectnu= of the
a=e sacplie, showr in Ficgure 8, is an excellent lead sulfate
spectru—. EZxposure of solid lead electrudes under identical
cendit: s fcrmwec @ filz which ciasisted of both ?bso4 andé te-
tragcnal PBC, But the vapor deposited sanmle showed no trace of
5. Presu—ably the thin sulfate film was not thick encugh to

provicde the cdiffusicn barrier necersary %20 allow formation of
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it is estirated that a lead sulfate £film approxirately one
tenth of the 2140 2 thickness would still give spectra with sig-
nal to noise ratiocs of two or —ore, the ratio concidered nec-
egsary for ohservation of a band. TFTilzs as thin as 200 2 shouid

be identifiablie by Ra—~sn and in

th

rarec spectroscopy with very

pe
?

little difficulity. Single spectrozeter scans wers used to

rr

port
Q.

n £films cou

po

c very th

foen
hoe

corc 211 spectra. CGreater seansitivity

poo

be achieved by averaging the results of muitiple scans. Sicns

- =rz:ing of =ore than one scan of the spectral regican of in-

o

teres: would increase ths signai to noise ratio cbserved and

reduce tre inimim A-+ectabdbie thickness (26).

CCHCLLSIONS

In s:itu Raman spectroscopy and reflection-absorption in-
frared spectroscopy can conclisively identify the cozpounds
present in thin corrosion p~.,3duct films on m==tal surfaces. Us-
ing these technigues, the Pourbaix diacrar Zcr lead in 0.1 M

sulfate solutions was exaxmined and the surface species cbserved

showed only partial acreement with predictions based cn thermo-

gvnamic eouilibria. Spectroscopic z..21ysis of surface filss

0.
e
"
b
@
[}
o

fter potenticstatic exposure in sulfate scluations

-

was in excellent agresment with potenticdynaric polarizztion

curves but the oxides and sulfates freguently Iorzec were not
those predicted in the Pourbaix diagrar. The =major

was that tetraconal Pby was fourd &zper:iaentally in

basic soluticns and PzL-?330,, the compound rredicted to be

stable under such cenditicns, was LoT.
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Iz has been shown that spectra of sarple surfaces in solu-
tion and after drying are both needed to distinguish between
spectral features due to solution species and those fros com—

pounde coorprising insoluble surface filrs, just as they are both
neeced to determine if changez occur when sarples are rezoved
froz solution. Meoasurement and estirmaticn of film thicknesses
have shown that the Raran and infrared technigues can identify
cozponents in films as thin as 200 2 and analyze the entirety

of fii &s thick as cne micron.

WIS M A Lyrtpe — -
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TABLE II (cont.)

{c)} Dry samcple spectrun indicated lead sulfate and orthorhosbic
FDO
(6} Band at 45 = 1 abnormally intanse
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Figure §. Raman spectra of lead axposed to pd 11, 0.1 X sulfats
sclation for 18.5 hours at -§.34 V recorded with the
sarple 1in solutien and, after washing, in air; and
the Razan spectru= of the p¥ ii, 0.1 ¥ sulfate solu-

tion.
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